Introduction
Multiple myeloma (MM) is the second most common hematologic neoplasm in the United States and is characterized by the malignant transformation of a terminally differentiated plasma cell within the bone marrow. Although clear incremental improvements in progression-free and overall survival have followed the recent introduction of the novel targeted therapies thalidomide, lenalidomide, and bortezomib, MM remains an incurable malignancy. Further delineation of mechanisms underlying the therapeutic specificity of these and other new agents will provide insight into disease pathogenesis and identify novel therapeutic targets to improve patient outcome.
The macrocyclic bisindolylmaleimide enzastaurin (LY317615.HCL) is a novel orally available inhibitor of protein kinase C (PKC) isoforms. 1 Preclinical activity has been demonstrated in a wide spectrum of tumor types. 2 Importantly, our own and other previous data strongly support a therapeutic role for enzastaurin in MM. [3] [4] [5] [6] Specifically, enzastaurin blocks activation of classic and novel PKC isoforms triggered by growth factors and cytokines and thereby inhibits MM cell proliferation, survival, migration, and drug resistance. Moreover, enzastaurin blocks angiogenesis both in vitro as well as in vivo in a murine xenograft model of human MM. 4 Interestingly, growth inhibition of MM cells was detectable within a few hours of treatment, whereas actual cell death did not occur until 48 hours. Functionally, enzastaurin's antitumor activity has been primarily attributed to the inhibition of Akt and its downstream targets. 1, 4, 5, 7, 8 However, very limited data are available on its precise mechanism of action.
␤-Catenin is a key component of the WNT pathway, as well as a signal integrator for the Ras and phosphatidylinositol 3-kinase (PI3K) pathways. 9, 10 As a mediator of the WNT signaling in MM, ␤-catenin has been implicated in cell proliferation, migration, and bone disease, and was investigated as a promising therapeutic target. [11] [12] [13] [14] Cytoplasmic levels of ␤-catenin are tightly regulated by phosphorylation at serine residues (S33, S37, and S45) and by formation of a complex with glycogen synthase kinase (GSK)-3␤, adenomatous polyposis of the colon (APC), axin, and ␤-TrCP (transducin repeat-containing protein). 9, 15, 16 Phosphorylation occurs first at S45, which is required for subsequent phosphorylation at S33 and S37. Fully phosphorylated ␤-catenin is rapidly ubiquitinated and degraded by the proteasome. 15, 17 Importantly, PKC isoforms have been reported to contribute to the phosphorylation and degradation of ␤-catenin. Consequently, a marked accumulation of ␤-catenin has been seen after treatment with bisindoylmaleimide inhibitors of PKC (eg, BIM I). 18, 19 Whereas ␤-catenin may be best known for its oncogenic role in the pathogenesis of colon cancer, 20, 21 several reports have described an additional role in the induction of apoptosis. Proposed mechanisms include activation of p53 signaling, p14 ARF, and cyclin D1. [22] [23] [24] [25] However, other studies found ␤-catenin-mediated apoptosis to be independent of these factors. 23 Thus, the proapoptotic mechanism of ␤-catenin still remains elusive.
Another promising therapeutic target in MM is the endoplasmic reticulum (ER)-associated stress pathway, also known as the unfolded protein response (UPR). 26, 27 Under physiologic conditions, the UPR is an adaptive response, activated by the accumulation of misfolded proteins in the ER, to maintain cell survival. 28 Specifically, ER stress leads to the activation of 3 major UPR sensors: pancreatic eIF2-␣ kinase (PERK), high inositol-requiring 1 (IRE1-␣), and ATF6. First, PERK phosphorylates the eukaryotic translation initiation factor-2a (eIF2a), which results in both the initial decrease in general translation initiation and the selective translation of the transcription factor ATF4. In turn, ATF4 induces growth arrest and DNA damage-inducible protein (GADD153/ CHOP), resulting in cell cycle arrest and thereby preventing further damage to the cell. 29, 30 Second, IRE1-␣ mediates splicing of x-box-binding protein (Xbp1), which increases transcription of ER-resident chaperones, folding enzymes, and components of the protein degradation machinery. Third, ATF6, after activating cleavage, contributes to both induction of CHOP and up-regulation of protein folding and degradation. 30 In addition to the 3 UPR branches, the transcription factors ATF2 and ATF3 have been reported to regulate CHOP. 28 Prolonged, nonresolvable ER stress overrides the salvage mechanisms of the initial UPR and eventually leads to apoptosis involving CHOP signaling, JNK activation, bcl-2 phosphorylation and depletion, and caspase cleavage (eg, caspase 4). Importantly, MM cells display constitutively elevated baseline activity of the UPR because of the extensive protein synthesis associated with immunoglobulin production and secretion. MM cells are consequently highly sensitive to any perturbation of protein folding, for example, by inhibition of either chaperone proteins (eg, by heat shock protein 90 [HSP90] inhibitors) or proteasomal degradation (eg, by proteasome inhibitors). [31] [32] [33] c-Jun is a central component of the AP-1 family of transcription factors and has been implicated in cell differentiation, growth, survival, and apoptosis. 34, 35 Importantly, various mechanisms mediating proapoptotic functions of c-Jun have been reported. [36] [37] [38] For example, c-Jun mediates apoptosis by regulating the stability and activity of p73, a p53 family member. 39 In the present study, we demonstrate that pharmacologic inhibition of PKC isoforms triggers rapid accumulation of ␤-catenin by preventing phosphorylation necessary for its proteasomal degradation. Accumulated ␤-catenin leads to early growth arrest by inducing an ER stress-related UPR. Furthermore, accumulated ␤-catenin also induces c-Jun, leading to increased protein levels of p73 and thereby triggering apoptotic cell death.
Taken together, this study delineates 2 novel mechanisms whereby enzastaurin-induced ␤-catenin accumulation triggers both the early UPR as well as c-Jun up-regulation, leading to MM cell growth inhibition and apoptosis, respectively. Moreover, it identifies p73 as a potential novel therapeutic target in MM. Based on our own and other previous reports and the current studies, several phase 1 to 3 clinical trials with enzastaurin have been initiated in both solid tumors and hematologic malignancies including MM (www.clinicaltrials.gov).
Methods Materials
Enzastaurin (LY317615.HCL) was provided by Eli Lilly (Indianapolis, IN). BIM I was purchased from Calbiochem (San Diego, CA). All antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA), except for p-␤-catenin S33,37 , p-␤-catenin S45 , p-eIF2a S51 (Cell Signaling Technology, Danvers, MA), and full-length p73 (GC15; BD Biosciences, San Jose, CA).
Cells and cell culture
The human MM cell line MM.1S and primary patient MM cells were cultured in RPMI 1640. HeLa cells were cultured in Dulbecco modified Eagle medium. Both media were supplemented with 10% heat-inactivated fetal bovine serum (Harlan, Indianapolis, IN), 100 units/mL penicillin, 10 g/mL streptomycin, and 2 mM L-glutamine (Cellgro, Herndon, VA).
Isolation of patients' tumor cells
After appropriate informed consent was obtained in accordance with the Declaration of Helsinki and under the auspices of protocols approved by the institutional review board of the Dana-Faber Cancer Institute, primary patient MM cells (CD38 ϩ CD45RA Ϫ ) were obtained from bone marrow aspirate samples, as previously described. 40 The purity of MM cells was more than 95%.
Cell lysis, immunoprecipitation, and Western blotting
Cell lysis, immunoprecipitation, and Western blot analysis were done as previously described. 40 Quantitative real-time PCR Cells were treated as indicated. RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA). TaqMan real-time polymerase chain reaction (PCR) for human CTNNB1 was performed using forward primer: GCAAGGCTTTTC-CCAGTC; reverse primer: GAGCCCTAGTCATTGCATA; probe (Fam/ Tamra labeled): TCACGCAAGAGCAAGTAG. Values were normalized using 18S RNA (Applied Biosystems, Foster City, CA) and expressed as the percentage of values of untreated controls.
Cell fractionation
Cells were washed 3 times with phosphate-buffered saline and then transferred into 400 L hypotonic lysis buffer followed by cell fractionation, as previously described. 41 
Plasmids and transfections
pCMV6-␤-catenin was purchased from Origene (Rockville, MD); fulllength pcDNA3-transcriptionally active p73 (TAp73) was kindly provided by K. Sagapathy (National Cancer Institute, Singapore). 39 Mutations were confirmed by sequencing. For ␤-catenin-, CHOP-, c-Jun-, and p73-specific knockdown experiments, cells were transiently transfected with smallinterfering RNA (siRNA) SMARTpool or nonspecific control duplexes (pool of 4; Dharmacon RNA Technologies, Lafayette, CO) using the Cell Line Nucleofector Kit V Solution (Amaxa Biosystems, Gaithersburg, MD) for MM.1S cells (100-200 nM) or the Lipofectamine 2000 reagent (Invitrogen) for HeLa cells (10 nM) according to the manufacturer's instructions.
DNA synthesis and cell proliferation assay
Cell growth was assessed by measuring [ 3 H]thymidine uptake, as in prior studies. 40 
Microarray assay
Total RNA was isolated from enzastaurin-treated or vehicle-treated MM.1S cells using TRIzol reagent (Invitrogen). Affymetrix U133A 2.0 arrays were hybridized with biotinylated in vitro transcription products (10 g/chip), as per the manufacturer's instructions (Affymetrix, Santa Clara, CA), within the DFCI Microarray Core Facility. The DNA chips were then analyzed with a Gene Array Scanner (Affymetrix). CEL files were obtained using the Affymetrix Microarray Suite 5.0 software. The DNA Chip Analyzer (DChip) 25 was used to normalize all CEL files to a baseline array with overall median intensity, and the model-based expression (perfect match minus mismatch) was used to compute the expression values. Probes showing at least 2-fold difference between control and enzastaurin-treated cells at 3, 6, and 12 hours were included in the analysis. The same data were also analyzed through the use of Ingenuity Pathways Analysis (Ingenuity Systems, Redwood City, CA). Cell viability, as assessed by trypan blue exclusion, was at least 85% in all enzastaurin-treated cells during the times indicated. The microarray data are available in the Gene Expression Omnibus (accession number GSE13514). 42 
Inhibition of protein translation
MM cells were treated with 5 M enzastaurin, 50 M cycloheximide, or a combination for 24 hours, followed by immunoblot analysis with the indicated antibodies.
MTT colorimetric survival assay
Cell survival using methyl-thiazol-tetrazolium (MTT) assay was estimated as a percentage of the values of untreated controls, as previously described. 41 
DNA fragmentation assay
Cell Death Detection ELISAplus (Roche Applied Science, Indianapolis, IN) was used to quantitate DNA fragmentation, as per the manufacturer's instructions.
Luciferase reporter assay
Cells were transfected with TOP-FLASH or FOP-FLASH Wnt reporter plasmids (Upstate Biotechnology, Charlottesville, VA) containing wildtype or mutant CTNNB1-TCF DNA-binding sites using the Cell Line Nucleofector Kit V Solution (Amaxa Biosystems) for MM.1S cells or Lipofectamine 2000 (Invitrogen) for HeLa and HEK293 cells, according to the manufacturer's protocol. After 24 hours, cells were treated with the indicated concentrations of enzastaurin for the indicated times. Reporter activity was assayed with the Bright-Glo Luciferase Assay System (Promega, Madison, WI). Results were normalized to total protein amounts. No significant FOP-FLASH activity was detected. The reporter assay results represent the average of 3 independent transfection experiments.
Statistical analysis
Two-way analysis of variance test with a Bonferroni posttest was performed to calculate the significance of the effects on survival of cells exposed to specific siRNAs or enzastaurin concentrations. The effect was judged as statistically significant with P less than .05.
Results

Enzastaurin triggers accumulation of ␤-catenin
The specific PKC-inhibitor enzastaurin effectively blocks growth, survival, and migration of MM cells both in vitro and in vivo. 4, 5 However, enzastaurin-induced changes in signaling sequelae downstream of PKC are undefined.
There is recent evidence that PKC isoforms directly phosphorylate ␤-catenin, leading to its ubiquitination and proteasomal degradation. 18, 19 We therefore first assessed protein levels of ␤-catenin after treatment with enzastaurin in several MM cell lines, as well as cell lines derived from viral-transformed lymphocytes (IM-9), colon cancer (DLD-1), human embryonic kidneys (HEK293), and cervical cancer (HeLa) ( Figure 1A) . Our results show a marked enzastaurin-induced increase in the levels of ␤-catenin in all tested cell lines. In contrast, quantitative real-time PCR revealed moderate inhibition of ␤-catenin-specific transcription in MM and HeLa cells ( Figure 1B) . Enzastaurin also blocked phosphorylation of ␤-catenin at S33,37 phosphorylation sites essential for PKC-regulated proteasomal degradation ( Figure 1C) . 18, 19 Indeed, inhibition of translation using cycloheximide did not abrogate enzastaurin-induced up-regulation of ␤-catenin. These data support the hypothesis that enzastaurin inhibits degradation of ␤-catenin via abrogation of ubiquitination ( Figure S1A , available on the Blood website; see the Supplemental Materials link at the top of the online article). Furthermore, ␤-catenin accumulated predominantly in the nuclear and cytosolic compartment of MM.1S cells, whereas the membrane-bound content remained unchanged ( Figure 1D ). In addition, enzastaurininduced ␤-catenin coimmunoprecipitated with its cofactor T-cell factor 4 ( Figure S1B ), subsequently activating the T-cell factor 4 promoter in MM.1S, HEK293, and HeLa cell lines, as shown by the TOP-FLASH reporter assay ( Figure S1C ). Taken together, these results demonstrate that enzastaurin triggers accumulation of transcriptionally active ␤-catenin because of inhibition of its degradation, rather than induced overexpression.
Enzastaurin induces ER stress signaling in myeloma cells
In an attempt to define the potential functional role of accumulated ␤-catenin in enzastaurin-treated MM cells, we performed serial expression profiling at 3, 6, and 12 hours, followed by analysis with the Ingenuity Systems software. 43 Among differentially regulated genes with changes in expression levels more than or equal to 2-fold, 102 were up-and 94 down-regulated (Table S1 ) with striking up-regulation of genes associated with ER stress response signaling (Figure 2A ). RPMI  DOX40  U266  OPM 1  OPM 2  NCI  IM 9  KMS18  KMS11  HEK  293  LR 5 DLD 1 HeLa We next confirmed these data by immunoblot assays. Enzastaurin induces all 3 major branches of the UPR in a timedependent fashion. Specifically, PERK-dependent phosphorylation of eIF2a and induction of its downstream target CHOP were detected within 4 hours of treatment and maintained over time. In addition, the stress-related transcription factor ATF2 was also phosphorylated within 4 hours of treatment. 44 Furthermore, the cell cycle inhibitor p21 (WAF) , a known downstream effector of CHOP, was up-regulated and sustained. Activating cleavage of ATF6 and up-regulation of IRE1-␣, followed by an increase of the spliced variant of Xbp1 (ϳ 50 kDa), were seen at later time points and appeared to be transient ( Figure 2B ). No significant change was observed in the level of the chaperone proteins immunoglobulin-binding protein/glucose-regulated protein (BiP/ grp94). Dose-dependent activation of the PERK-eIF2a-ATF4-CHOP cascade and the induction of p21 (WAF) at 4 hours were also observed ( Figure 2C ). These data demonstrate that enzastaurin increases ER stress in MM cells, thereby activating the UPR that leads to phosphorylation of eIF2a and up-regulation of CHOP, followed by ATF6-cleavage and IRE1a-mediated Xbp1 splicing.
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Enzastaurin-induced ER stress is caused by the accumulation of ␤-catenin and contributes to early growth arrest
In contrast to agents that directly interfere with protein degradation or protein folding, such as bortezomib or HSP90 inhibitors, respectively, the mechanism of induction of the ER stress response by enzastaurin is undefined. We therefore used siRNA to specifically deplete ␤-catenin to investigate the potential of accumulated ␤-catenin to trigger activation of the UPR. Despite treatment with enzastaurin, phosphorylation of eIF2a and induction of CHOP, 2 key markers of the early UPR, were markedly inhibited on depletion of ␤-catenin ( Figure 2D top) . Moreover, enzastaurin-induced up-regulation of p21 (WAF) was also abrogated on depletion of ␤-catenin. These data are consistent with abrogation of enzastaurin-induced up-regulation of CHOP. Importantly, these events were associated with marked attenuation of early growth inhibition, as Figure 2G ). These findings indicate that enzastaurininduced accumulation of ␤-catenin activates the PERK-eIF2a-CHOP branch of the UPR and thereby contributes to early growth arrest induced by enzastaurin via p21 (WAF) .
Enzastaurin induces c-Jun up-regulation and p73 induction
Given the surprising effects of ␤-catenin as the mediator of enzastaurin-induced ER stress and early growth inhibition, we next investigated target genes of ␤-catenin, in particular, c-Jun, c-Myc, and cyclin D1, and their possible contribution to the anti-MM effect of enzastaurin. Our results show that ␤-catenin induces c-Jun, whereas c-Myc was markedly down-regulated. In contrast, cyclin D1 remained unchanged ( Figure 3A) . Consistent with these data, induction of JUN gene transcription (Ͼ 2-fold) was found in the microarray analysis, whereas down-regulation of MYC was less than 2-fold. No significant change of CCND1 gene transcription was detected (Table S1 ). c-Jun stabilizes p73, a p53 family member leading to apoptotic cell death. 39 Consistently, enzastaurin induced p73, but not p53, in a dose-and time-dependent manner ( Figure  3B ). Importantly, enzastaurin also induced ␤-catenin, c-Jun, and p73 in OPM-2 and RPMI 8226 cells ( Figure S2 ), as well as primary patient MM cells ( Figure 3C ) and HeLa cells ( Figure 3D ). Similar findings were observed using the PKC inhibitor BIM I ( Figure 3D ). These data led us to the hypothesis that enzastaurin-induced accumulation of ␤-catenin not only contributes to early MM cell growth inhibition via activation of the UPR but also plays a role in cell death via c-Jun and p73 induction.
Enzastaurin-induced cell death is triggered in part by ␤-catenin via c-Jun-mediated p73 induction
To test the relevance of ␤-catenin accumulation to enzastaurininduced cell death, we specifically knocked down ␤-catenin using siRNA, followed by assessment of cell survival. Depletion of ␤-catenin resulted in a partial rescue of enzastaurin-induced cell death in HEK 293, HeLa, and MM.1S cells ( Figure 4A ). Furthermore, ␤-catenin knockdown was associated with attenuation of enzastaurin-induced c-Jun up-regulation and p73 induction, indicating that c-Jun and p73 are downstream of ␤-catenin ( Figure 4B ). Depletion of c-Jun by siRNA showed a similar rescue of MM.1S and HeLa cell survival after enzastaurin treatment ( Figure 4C ). Immunoblotting confirmed c-Jun to be downstream of ␤-catenin because enzastaurin-induced ␤-catenin accumulation was not affected by knockdown of c-Jun. Moreover, enzastaurin-triggered p73 induction was abrogated by c-Jun depletion ( Figure 4D ). Finally, p73 siRNA proved to be as effective as knockdown of either ␤-catenin or c-Jun in rescuing both cell lines from enzastaurininduced cell death ( Figure 4C) . Moreover, the accumulation of ␤-catenin and up-regulation of c-Jun triggered by enzastaurin strongly suggest p73 to be a downstream effector within this cascade. In addition, attenuation of enzastaurin-induced apoptosis by knockdown of either ␤-catenin or p73 was specifically confirmed by DNA fragmentation assay ( Figure 4E ). Conversely, transient overexpression of full-length p73, but not empty vector, resulted in marked cell death in MM cells ( Figure S3) .
Having shown the contribution of ␤-catenin to enzastaurinmediated cell death, we finally asked whether ectopic overexpression of ␤-catenin in untreated MM cells also induces c-Jun and p73 associated with apoptosis. We therefore transiently transfected MM cells with ␤-catenin. As shown in Figure 5A , overexpressed ␤-catenin induced c-Jun as well as p73 protein levels. Moreover, transient overexpression of ␤-catenin resulted in time-dependent reduction of cell viability ( Figure 5B ). It is worth noting that overexpressed ␤-catenin also induced phosphorylation of eIF2a and up-regulation of CHOP in this setting (data not shown). BLOOD
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Taken together, these findings demonstrate that enzastaurininduced accumulation of ␤-catenin not only activates the PERKeIF2a-CHOP branch of the UPR and thereby contributes to early growth arrest but also contributes to cell death via c-Jun upregulation followed by p73 induction (Figure 6 ).
Discussion
PKC isoforms are involved in MM-cell apoptosis, proliferation, and migration. 4, 13, 41, 45 Our previous study showed that specific inhibition of PKC isoforms by enzastaurin, a bisindoylmaleimidederived, clinical-grade small molecule, blocks proliferation and induces apoptosis in MM cells. 4 Our present study further characterizes the downstream effects of therapeutic PKC inhibition. We report a previously unknown role of ␤-catenin in the induction of ER stress-mediated inhibition of proliferation and a new mechanism whereby ␤-catenin induces apoptosis via up-regulation of c-Jun.
␤-Catenin is best known as a key signal transducer in the canonical WNT pathway, which is dysregulated in many cancers. 46 We here show that PKC inhibition by enzastaurin prevents phosphorylation of ␤-catenin at S33,37 leading to rapid and marked accumulation of the protein. Whereas phosphorylation and degradation of ␤-catenin are mainly regulated by a complex of GSK3␤, APC, axin, and other proteins, PKC isoforms represent another family of kinases that regulate ␤-catenin stability by phosphorylation. Consequently, bisindoylmaleimide-derived PKC inhibitors lead to accumulation of ␤-catenin. 18, 19 Although ␤-catenin can be phosphorylated at S45 irrespective of treatment with enzastaurin, inhibition of phosphorylation at S33,37 is sufficient for stabilization of ␤-catenin, despite activating dephosphorylation of GSK3␤. 1 In contrast, general inhibition of proteasomal degradation by low-dose bortezomib is not sufficient to cause accumulation of ␤-catenin ( Figure S4 ), indicating that enzastaurin-induced inhibition of ubiquitination of ␤-catenin might also block alternative ubiquitin-dependent pathways of protein degradation. However, we do not directly show the mechanism by which specific PKC isoforms contribute to the phosphorylation and thereby to the accumulation of ␤-catenin.
Under physiologic conditions, stabilized ␤-catenin enhances proliferation and protects against apoptosis. [47] [48] [49] In this regard, inhibition of the transactivating activity of ␤-catenin has been reported to be a promising therapeutic target in MM. 12 In contrast, we here demonstrate that accumulated ␤-catenin blocks proliferation and induces apoptosis in MM and HeLa cells. These opposing effects have previously been reported for ␤-catenin as well as for other transcription factors, such as c-Jun. [23] [24] [25] 34, 35, 50 We describe 2 mechanisms whereby accumulated ␤-catenin leads to inhibition of cell growth and induction of apoptosis, respectively. First, we demonstrate that accumulated ␤-catenin triggers the activation of the UPR, thereby conferring enzastaurininduced inhibition of proliferation. In contrast to the cell-protective effects of the UPR under physiologic conditions, drug-induced ER stress can also result in growth inhibition of tumor cells. Indeed, MM cells are characterized by a constitutively high protein turnover because of the processing and secretion of immunoglobulin and are highly sensitive to additional ER stress. 31, 32, [51] [52] [53] Consistent with our results, inhibition of protein folding (eg, by HSP90 inhibitors) or degradation (eg, by bortezomib) has been shown to result in the accumulation of cytosolic proteins, thereby inducing the UPR as a feedback inhibition that prevents the retrograde translocation of misfolded proteins from the ER. 32, 33, 54, 55 This explains, at least in part, the therapeutic success of these agents in MM. Specifically, we demonstrate that accumulated ␤-catenin leads to PERK-mediated phosphorylation of eIF2a and up-regulation of CHOP and p21 (WAF) , thereby conferring enzastaurininduced inhibition of proliferation. The delayed and only transient activation of ATF6 and IRE1-␣-induced splicing of Xbp1 indicates that the associated inhibition of proliferation is predominantly mediated by the first branch of the UPR. This is further supported by the lack of significant induction of ER chaperone proteins, such as BiP/grp78 or grp94, mainly mediated by ATF6 and Xpb1.
However, we cannot exclude additional regulatory or supporting roles of these 2 branches of the UPR.
Although ER stress-induced apoptosis is strongly associated with CHOP induction, we did not observe activation of key components of the terminal UPR, such as JNK or caspase 4, or inhibition of bcl-2 (data not shown). Indeed, our previous work showed that enzastaurin inhibits phosphorylation of JNK. 4 These data do not exclude a role for the terminal UPR in enzastaurininduced cell death. However, the lack of these proapoptotic markers suggests that ␤-catenin-mediated ER stress predominantly blocks cell proliferation.
Second, we describe a novel mechanism of induction of apoptosis by accumulated ␤-catenin. Our results demonstrate that ␤-catenin-related c-Jun up-regulation contributes to enzastaurinmediated cell death via increased protein levels of p73.
Although best known as an enhancer of proliferation and survival in tumor cells, overexpressed or accumulated ␤-catenin has also been reported to induce apoptosis in fibroblasts, as well as in a variety of tumor cell lines. [23] [24] [25] 50 Damalas et al showed that inducible ␤-catenin harboring mutations preventing its phosphorylation and consequent degradation triggers p53-dependent growth arrest in fibroblasts. 25 Similar findings for a stabilized mutant form of ␤-catenin have been reported by Saegusa et al in endometrial carcinoma. 24 However, Kim et al observed induction of apoptosis independent of p53 status and transactivating function of ␤-catenin, when ␤-catenin is overexpressed in colon cancer or HeLa cells. 23 We here show that the proapoptotic effect of accumulated ␤-catenin in enzastaurin-treated MM cells is dependent on the up-regulation of c-Jun and p73, rather than p53. Specifically, the transcription factor c-Jun has been implicated in cell differentiation, growth, survival, and apoptosis. 34, 35 Importantly, various mechanisms mediating proapoptotic functions of c-Jun have been reported, including transcriptional regulation as well as activation of caspase-mediated cleavage of important components of cell survival and apoptosis pathways. [36] [37] [38] For example, c-Jun mediates cisplatin-induced apoptosis by regulating the stability and activity of p73, a p53 family member. 39 However, we did not establish whether c-Jun transcription is directly activated by ␤-catenin or whether the activation of ER stress pathways additionally contributes to c-Jun induction. Nevertheless, our results clearly demonstrate that ␤-catenin-related c-Jun up-regulation leads to increased protein levels of p73 in MM and Hela cells. Furthermore, overexpression of a full-length p73 leads to pronounced cell death in MM cells, suggesting that p73 isoforms may represent a novel and promising therapeutic target in MM.
p73 is a structural and functional homologue of the p53 tumor-suppressor gene with homologies in transactivation and DNA-binding domains. 56 In contrast to p53, p73 is rarely mutated in human cancers. Because of distinct promoters, the TP73 gene allows formation of 2 proteins, a transactivation-proficient TAp73 with proapoptotic effects, as well as a transactivation-deficient, amino-deleted ⌬Np73 with opposing effects. 57 In addition, there are several isoforms of p73 resulting from extensive splicing, resulting in a complicated array of functional effects. [58] [59] [60] Although p73 isoforms have been implicated in chemosensitivity of tumor cells, only very limited data on p73 exist in MM. [61] [62] [63] Therefore, ongoing work is aimed at further evaluating the differential role of p73 isoforms in the context of PKC inhibition, as well as at identifying novel agents that specifically induce p73-dependent apoptosis.
The described novel role of ␤-catenin in drug-mediated inhibition of proliferation and survival is only seemingly contradictory to other reports on WNT signaling in MM. [12] [13] [14] In contrast to physiologic conditions, under which ␤-catenin contributes to MM cell proliferation and survival, enzastaurin triggers an immediate and rapid accumulation of this transcription factor to highly unphysiologic levels. It may thereby change the availability of internal and external cofactors or binding partners, thereby triggering antiproliferative and antisurvival signaling cascades that are still functional, even in malignant cells.
In conclusion, our present study describes a novel mechanism by which ␤-catenin mediates both growth inhibition via induction of ER stress and induces apoptosis via the c-Jun/p73 pathway in MM, as well as in other tumor cells. Further exploration of these mechanisms holds promise for new treatments to improve patient outcome in MM and other malignant diseases.
